Causes underlying inter-individual variations in DNA methylation profiles among normal healthy populations are not thoroughly understood. To investigate the contribution of genetic variation in DNA methyltransferase (DNMT) genes to such epigenetic variation, we performed a systematic search for polymorphisms in all known human DNMT genes [DNMT1, DNMT3A, DNMT3B, DNMT3L and DNMT2 (TRDMT1)] in 192 healthy males and females. One hundred and eleven different polymorphisms were detected. Of these, 24 were located in coding regions and 10 resulted in an amino acid change that may affect the corresponding DNMT protein structure or function. Association analysis between all major polymorphisms (frequency > 1%) and quantitative DNA methylation profiles did not return significant results after correction for multiple testing. Polymorphisms leading to an amino acid change were further investigated for changes in global DNA methylation by differential methylation hybridization. This analysis revealed that a rare change at DNMT3L (R271Q) was associated with significant DNA hypomethylation. Biochemical characterization confirmed that DNMT3L R271Q is impaired in its ability to stimulate de novo DNA methylation by DNMT3A. Methylated DNA immunoprecipitation based analysis using CpG island microarrays revealed that the hypomethylation in this sample preferentially clustered to subtelomeric genomic regions with affected loci corresponding to a subset of repetitive CpG islands with low predicted promoter potential located outside of genes.
INTRODUCTION
In mammals, DNA and chromatin modifications represent a key layer of heritable biological information superimposed onto the primary DNA sequence. Such epigenetic information plays critical roles in the way that mammalian genomes are structurally organized, functionally regulated and stably maintained. DNA methylation, in particular, is required for proper embryonic development (1, 2) and for the formation of mature functional germ cells (3 -5) . Likewise, defects in DNA methylation are increasingly associated with a series of human conditions (6) including imprinting disorders (7, 8) , infertility (9 -11) , autoimmune disorders (12) and most strikingly, cancer (13, 14) . The links between DNA methylation deregulation and human health have resulted in a renewed attention to the mechanisms by which DNA methylation profiles are established and maintained and to the factors, genetic and environmental, which might influence these profiles.
In mammalian cells, a family of DNA methyltransferase (DNMT) proteins carries the primary responsibility for the deposition of genomic DNA methylation patterns and for their perpetuation through time. The DNMT3A and DNMT3B enzymes are de novo DNMTs which are responsible for establishing DNA methylation patterns during gametogenesis and early embryogenesis (15) . The DNMT1 enzyme acts primarily as a maintenance DNMT ensuring the faithful replication of DNA methylation patterns at each cell division (16, 17) . In addition to these active enzymes, the DNMT3L protein, while catalytically inactive by itself, also contributes to de novo methylation by interacting with the catalytic domains of DNMT3A and DNMT3B and enhancing their enzymatic activity (18) (19) (20) (21) . DNMT3L, through its ability to bind to histone H3 and to sense the modification status of the H3 histone tail, might also contribute to guiding the de novo methylation machinery (22, 23) . The DNMT2 enzyme was considered a member of the DNMT family based on its high sequence conservation with other DNMT proteins. However, the absence of a nuclear localization signal and recent findings that DNMT2 methylates a specific tRNA species suggest that this enzyme is in fact an aspartic acid tRNA methyltransferase (24, 25) . This enzyme was therefore renamed as tRNA aspartic acid methyltransferase 1 (TRDMT1). Nonetheless, this gene was included in our study, because DNMT2 was previously reported to show residual DNMT activity (26, 27) .
In humans, variations in the DNA methylation profiles are widely observed in non-pathological samples. These include gender-related, age-related and tissue-specific variations (28 -30) . Even within the same age group, the same gender and the same cell types, inter-individual variations could still be observed, and these variations were influenced by environmental factors, nutritional elements and to some extend by genetic factors (31 -34) . A clear example in which genetic variation impacts levels of DNA methylation is provided by the C677T polymorphism in the methylenetetrahydrofolate reductase gene (MTHFR), where TT homozygous individuals are more likely to carry hypomethylated DNA (35, 36) . In this study, we investigated whether genetic polymorphisms in the DNMT genes themselves could influence DNA methylation profiles in a well-defined group of healthy individuals of matched age and gender. For this, we performed a systematic search for polymorphisms in all coding regions of the five known human DNMT genes. The association between detected genetic variants and possible DNA methylation changes was analyzed using our previously published data reporting quantitative levels of methylation at selected single loci (F8, H19, PEG3, NESP55 and a locus at 19q13.4), as well as at repetitive DNA elements (Alu and Line1). Association with global DNA methylation at 5 0 -CCGG-3 0 sites as measured by Luminometric Methylation Assay (LUMA) was also investigated (37) . This study revealed that the major polymorphisms with .1% frequency have little effect on the DNA methylation levels at the studied loci. However, differential methylation hybridization (DMH) analysis on samples carrying polymorphisms that induce an amino acid change identified two DNA samples showing significant epigenetic variations from controls. A sample with a common DNMT2 variant (Y101H; rs11254413) was associated with hypermethylation at a small subset of loci but it is unclear whether that SNP is causative in itself. A rare DNMT3L variant (R271Q) was associated with significant subtelomeric hypomethylation. Moreover, biochemical analysis of the mutant DNMT3L
R271Q protein was consistent with the hypomethylated phenotype in that the modified protein is partially deficient in its ability to stimulate the de novo methylation activity of DNMT3A.
RESULTS

A systematic search for polymorphisms in DNMT genes
Detailed distribution of the detected polymorphisms in the five DNMT genes that were analyzed are given in Supplementary Material, Table S1 . Table S1 ). Three of these SNPs were found to induce amino acid changes (Table 1 and Fig. 1 ). The first one was at codon 131 (G to A change), resulting in an arginine to histidine substitution (both are positively charged) and had a frequency of 10 out of 384 alleles (2.6%). Sequence alignments between DNMT1 proteins from eight species showed that this position is not absolutely conserved (Fig. 1 ). The second SNP at codon 251 (C to T change) resulted in a serine to leucine change (uncharged amino acid to non-polar aliphatic amino acid). It was detected at only one allele out of 384 (0.26%) and occurred at a non-conserved position (Fig. 1) . The third SNP (A to G) was observed at codon 374 and introduced an isoleucine to valine substitution (both are non-polar aliphatic amino acid) with a frequency of 18 out of 384 (4.69%). This position is also not conserved among species (Fig. 1 ). All three polymorphisms were detected in a heterozygous state.
DNMT2 (TRDMT1) gene at 10p15.1. The DNMT2 gene is constituted of 11 exons. A total number of 29 SNPs were detected in addition to three insertion/deletion (Supplementary Material, Table S1 ). Two SNPs at exon 4 were found to induce an amino acid change (Table 1 and Fig. 1) . The first (G to T) induced a glycine to valine change (both amino acids are non-polar aliphatic) at a conserved position among six different species at codon 86. It was detected at only one allele out of 384 (0.26%). The second SNP (T to C) introduced a tyrosine (aromatic amino acid) to histidine (positively charged amino acid) change at codon 101 and was frequent (185 occurrences out of 384 or 51.82%). This position is not conserved among different species (Fig. 1) .
DNMT3A gene at 2p23.3. The DNMT3A gene comprises 23 exons and additional alternatively spliced exons, these include the upper exon 1, a 3 0 -untranslated region upstream of exon 4 and exons 1B and 2B located upstream of exon 7. A total number of 11 SNPs were detected, none of which induced an amino acid change (Supplementary Material, Table S1 ).
DNMT3B gene at 20q11.2. Compound heterozygous or homozygous mutations in DNMT3B can cause the human Immunodeficiency, Centromeric region instability and Facial abnormality syndrome (ICF syndrome) (38, 39) . The DNMT3B Table S1 ). Among the exonic variations, two were non-synonymous (Table 1 and Fig. 1 ). The first (C to T change) triggered an arginine (positively charged amino acid) to cysteine change (polar uncharged) at codon 382 and was observed at only one allele out of 384 (0.26%). The second (G to A change) was observed at codon 384 on only two alleles out of 384 and induced an alanine (non-polar aliphatic amino acid) to threonine (polar uncharged) change, which is the common amino acid at this position in mice, rats and chickens. All nonsynonymous SNPs were observed as heterozygous combinations and therefore will not lead to ICF syndrome. In addition, the amino acid substitutions at codons 382 and 384 have not been reported so far in ICF syndrome patients and occur in the N-terminal non-catalytic portion of DNMT3B located between the PWWP (proline-tryptophanetryptophane -proline) domain and the zinc finger ADD (ATRX -DNMT3 -DNMT3L) type domain.
DNMT3L gene at 21q22.3. A total number of 20 polymorphisms were detected upon screening all 12 exons and flanking intronic sequences of DNMT3L (Supplementary Material, Table S1 ). Three introduced an amino acid change (Table 1 and Fig. 1) . The first (G to A change) caused a glycine (nonpolar aliphatic) to serine (polar uncharged) change at codon 127 and was observed in only one allele out of 384 (0.26%). This variation is located in the ADD zinc finger domain and occurs at a conserved position between humans, mice, rats and cows. The second polymorphism (G to A change) caused the exchange of an arginine (positively charged) to glutamine (polar, uncharged) at codon 271. It was also observed at only one allele. Arginine 271 is conserved in multiple species including human, rat as well as cow, dog, horse and macaca, although this position features a leucine in mice ( Fig. 1 and data not shown). The last DNMT3L SNP (A to G change) occurred at codon 278 and imposed an arginine (positively charged) to glycine (non-polar aliphatic) substitution. This position features an arginine residue in multiple species and a glutamine in rats and cows. The last two SNPs occur in the C-terminal portion of DNMT3L which interacts with the active catalytic methyltransferase domain of DNMT3A and DNMT3B (19, 20 Table S4 ) over an entire gene is associated with an increase or a decrease in DNA methylation at one of the studied CpG sites or at HpaII sites as studied by the LUMA. For this analysis, all polymorphisms with ,1% of frequency had to be excluded. As 1% correspond to a small number (less than four observations), this procedure has no impact on the power of the analysis. However, the analysis did not reveal any significant association (Supplementary Material, Table S2 ). We note, however, that the lack of significant association could be explained by the fact that only few CpG sites were analyzed in only one tissue, which may not reflect the complex tissueand developmental-specific variation of the methylome. More global studies across multiple tissues are needed to fully address this point.
Genome-wide methylation scans reveal significant DNA methylation changes in DNA samples with SNPs in the DNMT2 and DNMT3L genes Among the 111 detected polymorphisms, ten caused an amino acid change (Table 1) . Genome-wide DNA methylation patterns were further investigated among this subset For each gene, the Table indicates the position of each SNP and the type of base change observed with respect to the annotated contig (given as an accession number under each gene name). In some instances, the indicated change may be complementary to the cDNA coding strand. The number of the exon and codon affected by each change as well as the type of amino acid (AA) change resulting from each SNP are also shown. The frequencies of each genotype in the sample cohort are indicated.
using DMH. Two samples showed significant variations compared with control samples (Table 2 ; DMH data are available upon request). Sample 109, corresponding to the DNMT2 Y101H SNP, was characterized by hypermethylation at a small number of loci (0.7% of studied regions). Four regions (A5:2, A5:8, G24:15 and A4:40) (Supplementary Material, Fig. S1 ) predicted by DMH to be hypermethylated in sample 109 were selected, and their methylation status was determined using bisulfite methylation sequencing. This confirmed that two out of four regions (clone numbers: G24:15 and A5:8) show a 3-to 20-fold increase in DNA methylation in sample 109 relative to a normal control (Supplementary Material, Fig. S1 ). In contrast, sample 156, corresponding to the rare DNMT3L R271Q SNP, showed hypomethylation at a considerable number of loci (6.1% of studied regions) in addition to hypermethylation at a few loci (0.9% of studied regions) ( Table 2 ).
The DNMT3L R271Q variant is associated with DNA hypomethylation preferentially at subtelomeric regions In order to confirm and expand on the DMH findings, both 109 and 156 DNA samples were re-analyzed using a methylated DNA immunoprecipitation (MeDIP)-based microarray approach (40) . The platform used for the analysis was a NimbleGen human promoter plus CpG island array carrying Figure 2A shows a scatter plot of methylation scores (log 2 ratios) for both samples across 26 000 autosomal CpG islands. As is clearly evident, the methylation scores for the vast majority of loci tested are in good agreement between the two samples (78% of loci are within 1 standard deviation (SD) of each other with an overall correlation coefficient of 0.83). As expected, loci that are unchanged and remain unmethylated in both samples correspond to strong CpG islands located primarily at gene promoters. In contrast, loci that are unchanged and remain methylated in both samples correspond to weak, repetitive CpG islands located outside of promoters regions (data not shown). In addition to these mostly unchanged loci, a significant portion of loci showed a trend towards hypomethylation in sample 156. Hence, 1056 loci (3.9% of total) show hypomethylation above 2 SDs, whereas 381 loci (1.4% of total) show hypomethylation above 3 SDs, which is considered highly significant. In contrast, ,0.1% of loci showed a gain of methylation above 3 SDs in sample 156 showing that the overall trend was largely biased towards loss of DNA methylation. In order to further validate this data, we performed an additional and independent MeDIP-chip analysis on a control sample corresponding to a healthy male individual (that carry no polymorphism in the analyzed DNMT genes) and replotted the dataset from samples 156 and 109 against this control. In the case of sample 156 (DNMT3L R271Q), 97% of the loci initially identified as significantly hypomethylated remained hypomethylated above 1 SD (83% above 2 SDs; Fig. 2B ) when compared with the control MeDIP dataset. This strongly suggests that the majority of the hypomethylated loci were correctly identified by our initial comparison. Replotting of MeDIP data from sample 109 (DNMT2 Y101H) against the control dataset showed that the majority of loci originally identified as hypomethylated in sample 156 had high methylation scores both in sample 109 and in the control dataset, which is as expected (Fig. 2C) . A slight trend towards hypermethylation in sample 109 was also detected at a subset of these loci, which is consistent with our DMH observations. Altogether, these two additional replots validate the identification of hypomethylated loci in the genome of the individual carrying the DNMT3L R271Q SNP. The MeDIP dataset was also replotted against the independently derived dataset of Rauch et al. We then analyzed the genomic distribution of hypomethylated loci and observed that they were not uniformly distributed but rather, were significantly enriched at subtelomeric regions. Figure 3A shows that although the subtelomeric regions (arbitrarily defined as the last 5% of each chromosome) carry 29% of CpG islands on the array, these regions encompassed 50.3% of hypomethylated loci (including all loci above 2 SDs-this value goes to 53% for the loci above 3 SDs). The distribution of all hypomethylated loci above 2 SDs along a composite model human chromosome has shown in Figure 3B shows a clear, statistically significant, bias towards telomeric regions. This trend held true for all autosomes (data not shown). In contrast, the few loci associated with a gain in DNA methylation were equally and randomly distributed along the chromosomal arms (data not shown). The percentage average values of three measurements of total methyl cytosine content are given in the last column (M, Male; F, Female; 5mC, 5 methyl cytosine; Normal, no significant differences between test sample and control sample; Hyper, hypermethylated; Hypo, hypomethylated; Cod, codon). The two lines with bold entries correspond to the samples that shows considerable variations. In addition, hypomethylated loci were found predominantly in intergenic regions (51%) and within introns of coding regions (20%). Finally, detailed analysis of the sequence content of the hypomethylated CpG loci revealed that these regions tend to have on average a lower CpG index score (43) when compared with the set of 200 control CpG islands or, even more markedly, with a set of 10 000 highly specific 'bona fide' CpG islands associated with promoter regions (Fig. 4B) . Likewise the hypomethylated loci were 2 -3.5 times more likely to contain simple tandem DNA repeats than the control set of 200 unchanged CpG islands or the The number of hypomethylated loci (blue bars, left axis) and total loci on the array (gold line, right axis) were determined for each autosome along a collection of 100 sub-regions each corresponding to 1% of each chromosome's length. These numbers were then combined across autosomes and shown along a composite model human chromosome displayed at bottom. P-values representing whether hypomethylated loci were enriched over the total number of loci in each chromosomal sub-region (corresponding to 1% of the total sequence length) were determined by a t-test and are displayed along the chromosome as a 'heat map' in which the shade of red color is indicative of the statistical significance (the two largest peaks corresponding to hypomethylated loci have a P-value , 10 252 ).
Human
highly specific CpG islands associated with promoters (63% of hypomethylated loci contained repeats compared with 33 and 18% for specific CpG islands and control loci, respectively). Furthermore, the repeats were much more significant in both length and count [as measured by their tandem repeat score (44) ] in the hypomethylated sample than in the other two samples (Fig. 4C ). This indicates that the loci found to be hypomethylated in association with the DNMT3L R271Q SNP correspond to a specific subset of CpG islands that (i) are enriched at subtelomeric regions, (ii) are predominantly located outside of genes or to a lesser extent, within introns, (iii) have a low potential to function as promoters and (iv) are repetitive in nature.
The DNMT3L R271Q protein is impaired in its ability to interact with DNMT3A and stimulate de novo methylation In order to determine whether the changes in DNA methylation patterns observed in sample 156 could be directly attributed to a change in the normal activity of DNMT3L, we investigated the ability of the purified DNMT3L R271Q protein to stimulate de novo methylation by the full-length DNMT3A2 protein in vitro. For this, the purified DNMT3L R271Q protein was pre-incubated with DNMT3A2 in a 1:1 molar stoichiometric ratio for 60 min at 378C in the presence of S-adenosyl-L-fmethyl- 3 Hgmethionine ( 3 H-SAM) before the reaction was initiated by the addition of DNA. DNA methylation was measured by the incorporation of tritiated methyl groups into DNA as described previously (21) . The wild-type DNMT3L protein led to a robust stimulation of de novo methylation (Fig. 5A ) characterized by a 6-fold increase of the initial rate of the reaction, in agreement with prior data (21) . In contrast, the DNMT3L R271Q protein only led to a 3.5-fold increase of the initial rate. Similarly, the extent of the reaction after 2 h was also lower for the mutant protein than for the wild-type control (Fig. 5A ). This suggested that the DNMT3L R271Q protein is impaired in its ability to stimulate de novo methylation.
Crystallographic data indicates that arginine 271 is localized at the interaction surface between DNMT3L and DNMT3A ( Fig. 5B) (20) . This suggests that the Arg 271 to Gln change might result in a defect in the ability of the mutated protein to interact with the DNMT3A catalytic domain. One measure of the ability of DNMT3L to interact with DNMT3A is reflected in the stoichiometry of the interaction. The wild-type DNMT3L protein interacts in a 1:1 molar ratio with DNMT3A2 at which point maximal stimulation of DNA methylation is reached (21) . We therefore expected that a mutant protein with a reduced interaction might require more protein to reach maximal saturation. To test 
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Human Molecular Genetics, 2009, Vol. 18, No. 10 this, we titrated DNMT3L against a constant amount of DNMT3A2 and measured the resulting incorporation of methyl groups 30 min after initiation of the reaction. As expected, maximal stimulation was reached for the wild-type protein around a 1:1 molar ratio (Fig. 5C) . Interestingly, the DNMT3L R271Q protein was able to stimulate de novo methylation to the same extent as the wild-type protein at saturation but reaching maximal stimulation required a 3:1 molar ratio of DNMT3L R271Q to DNMT3A. This is consistent with the notion that DNMT3L R271Q , while fully capable of stimulating DNMT3A2 when added in excess, is defective in its ability to form proper complexes with DNMT3A. In order to further determine whether the R271Q mutation had weakened the interaction between DNMT3L and DNMT3A, we measured the ability of both wild-type and mutant proteins to stimulate DNA methylation when challenged by increasing concentrations of monovalent salt. Salt is indeed expected to disrupt any electrostatic interaction involved in the formation of DNMT3A:DNMT3L complexes. As expected, overall methyl group incorporation by DNMT3A on its own and by DNMT3A:DNMT3L complexes dropped with increasing KCl. However, when the DNA methylation output mediated by the DNMT3L R271Q protein was compared in each condition to the output associated with the wild-type protein in the same condition, it was clear that the mutant protein showed increased sensitivity to the salt challenge (Fig. 5D ). This further validates the notion that the DNMT3L R271Q protein is affected in its ability to physically interact with DNMT3A, in agreement with the localization of the Arg 271 at the interface between these two proteins.
DISCUSSION
Our study is the first one that combines the systematic search for polymorphisms in the coding region of the DNMT genes and the measurement of DNA methylation levels in a 'healthy' population. The advantage of our study is that we actively screened, among healthy individuals, for variations in all coding regions of the examined genes and thus we were able to identify common known polymorphisms as well as the rare unknown ones. The large number of 111 different detected polymorphisms were used to generate haplotypes and their association with the DNA methylation levels was studied. Detailed analysis based on alleles, genotypes or haplotypes did not reveal Tables S2-S4) . We note here that non-synonymous polymorphisms were not observed in the catalytic domains of DNMT3A/B or DNMT1 probably because such variations would have strong deleterious effects that would lead to abnormal development and thus cause early spontaneous abortions; therefore such cases will go undetected. We then focused our analysis on the 10 non-synonymous polymorphisms for two reasons: (1) these polymorphisms are more likely to have an effect on the corresponding protein activities or interactions and (2) since most of these polymorphisms are rare, their impact on DNA methylation levels or patterns cannot be estimated using statistical analysis. Using the DMH technique, we therefore studied global DNA methylation patterns associated with these non-synonymous polymorphisms, and showed that while most SNPs were undistinguishable from controls, two samples gave rise to global changes in DNA methylation profiles that clearly deviated from controls. Sample 109 carries a common tyrosine to histidine change at codon 101 of the DNMT2 gene (TRDMT1) that was found in 51% of the alleles in the studied samples (Table 1) . For this sample, a small but significant portion (0.74%, corresponding to 105 loci out of 14 271 tested) of the genomic loci under study showed hypermethylation (Table 2 ). This hypermethylation was confirmed independently by bisulfite methylation sequencing at four regions, two out of four showing increase in DNA methylation (Supplementary Material, Fig. S1 ). However, based on the fact that two other samples carrying the same polymorphism were essentially normal (samples 61 and 102, Table 2 ) and because this gene is now widely recognized as a tRNA methyltransferase rather than a DNMT, we conclude that this SNP in itself is not causative for the methylation variations that we observed. However, larger population studies combined with biochemical analysis of the variants are needed to provide conclusive answers. Likewise, environmental or nutritional effects, as observed earlier in animal models (32, 33) or even other genetic factors, can not be ruled out.
Of all the variants uncovered in our search, the rare heterozygous DNMT3L
R271Q variant observed in sample 156 was associated with a considerable reduction in genomic methylation levels as measured by DMH and by MeDIP-based microarray analysis (Table 2 and Fig. 2) . The R271Q polymorphism is located immediately at the end of an a-helix located at the interface between the DNMT3L and the DNMT3A proteins (20) , suggesting that the substitution might affect the ability of DNMT3L to physically bind to DNMT3A and to functionally stimulate its activity. Our biochemical analysis is entirely consistent with this hypothesis (Fig. 5) . We indeed report that the mutated protein is less efficient than the wild-type DNMT3L at stimulating DNMT3A when both proteins are present at equimolar concentrations. Furthermore, we show that although the mutated protein is capable of stimulating DNMT3A to levels similar as those observed for the wild-type DNMT3L, achieving this stimulation requires a 3-fold molar excess of the mutant protein. Finally, we show that the complexes formed by the mutated protein are more sensitive to increasing ionic conditions, consistent with the notion that the interaction between the mutated protein and DNMT3A is weaker.
From this, we conclude that the DNMT3L R271Q allele should lead to reduced DNA methylation activity which fits well with our genomic analysis. One complicating factor in translating our biochemical analysis to real life situation is that the DNMT3L R271Q allele is found in heterozygous combination with the wild-type allele. One might expect that the wild-type allele should be sufficient to provide full DNMT3L function, as observed in Dnmt3L + mice (45, 46) . This expectation depends in part on the assumption that the expression of DNMT3L from one allele is sufficient to provide full stimulation of DNMT3A which requires at least equimolar amounts of each protein (20, 21) . Although this assumption appears correct in mouse, it is clear that the expression profile of Dnmt3L is different for human (47) , thus raising the possibility that methylation levels in human might be more sensitive to dosage effects. It is also possible that the presence of the mutated variant is not neutral owing to the fact that the mutated protein can compete with the wildtype protein and promotes the formation of mixed complexes with altered catalytic characteristics. Altogether, the structural and biochemical data predict that the DNMT3L R271Q polymorphism should lead to a reduced DNA methylation output.
Assigning a direct causal relationship between the mutated allele and the observed genomic hypomethylation is complicated by the fact that we know little of other genetic or environmental factors that could also impact global DNA methylation patterns in this individual. Such determination would require further analysis of additional samples carrying this rare polymorphism. In addition, our current study design did not allow us to go back to the family of the carrier in order to follow the segregation of the mutated allele through the family pedigree. We therefore could not trace the parental origin of the allele. Likewise, the possibility that such a base change could have originated de novo during gametogenesis in either parent or early during development can be neither excluded nor confirmed. We note, however, that of all the SNPs that induced an amino acid change in this cohort, the DNMT3L R271Q allele is the only one associated with such pronounced changes in genomic methylation levels. Therefore, although we cannot formally rule out the involvement of extrinsic factors, like the influence of environmental or additional genetic factors, we believe that on the basis of our data, it is reasonable to propose that the genomic hypomethylation observed in individual 156 results from the DNMT3L R271Q SNP. Together with ICF syndrome, this would represent the second example of an association between a mutation/polymorphism in a gene from the DNMT3 family and genomic hypomethylation in human.
Interestingly, the hypomethylation defect associated with the DNMT3L R271Q allele was only manifest at 1 -4% (depending on statistical significance thresholds) of all CpG islands analyzed by MeDIP. The mutated allele therefore did not cause a genome-wide loss of DNA methylation. Rather, our analysis shows that the hypomethylated loci correspond to a subset of CpG islands that show a strong telomeric bias in their distribution (Fig. 3) . In that context, it is interesting to 1764
Human Molecular Genetics, 2009, Vol. 18, No. 10 note that telomeres are highly methylated regions under epigenetic control (48, 49) . Furthermore, recent data clearly implicated the DNMT3A and DNMT3B enzymes in telomeric epigenetic maintenance, because a combined deficiency in these genes led to telomeric hypomethylation in mouse ES cells (50) . In humans, cells from ICF syndrome patients carrying mutations in DNMT3B also show subtelomeric hypomethylation and present with shortened telomere lengths (51) . Interestingly, the DNMT3L R271Q carrier also presented with shorter telomeres than age-matched controls (Supplementary Material, Fig. S5 ), although the measured length still remained within the normal range of variation observed in human populations (Dr Jue Lin, personal communication). Altogether, these data suggest that DNMT3L might be part of a DNMT complex that operates at telomeres. This notion is consistent with recent data showing that DNMT3L plays a much broader role in establishing genomic DNA methylation patterns than initially thought. For instance, Dnmt3L-deficiency led to hypomethylation at almost all types of repeated DNA elements in mouse male prospermatogonia (52) . Furthermore, a recent study showed that hundreds of non-repetitive loci also fail to acquire DNA methylation in testis and to a lesser extent in somatic tissues of Dnmt3L-deficient mice (45, 46) . Interestingly, these loci corresponded in their majority to low CpG content sequences located away from 5 0 regions of genes. Likewise, two additional studies have shown that inter-individual variation in DNA methylation levels is often associated with repetitive intra-or inter-genic regions (53, 54) . These studies are broadly consistent with our observations that the hypomethylated loci we observed correspond to weak CpG islands characterized by a lower CpG content, a higher density in simple tandem repeats, and by the fact that they map away from known promoters or 5 0 regions. This, together with the preferential localization at telomeres, might suggest that DNMT3L in human is involved in setting a particular chromosomal organization at chromosome ends.
Altogether, our study reports the first systematic search for genetic polymorphisms in DNMT genes in a healthy human cohort. A total of 111 SNPs, including 10 leading to an amino acid change in the corresponding protein, were described, many of which were novel. Of all SNPs, the DNMT3L R271Q variant, which leads to the production of a mutated protein with a reduced ability to stimulate DNA methylation, was associated with significant levels of DNA hypomethylation. The hypomethylated loci clustered at telomeric regions located away from genes, suggesting that DNMT3L might be involved in maintaining the particular epigenetic identity of telomeres, an important element in telomere length regulation (49) . We note that the anonymous DNMT3L R271Q carrier was asymptomatic upon entry into our study. This does not preclude the possibility that this individual might be predisposed to diseases in future life, in particular since our cohort was very young (average age 23 years). Possible fertility defects, cancer susceptibility or perhaps premature aging might be expected to occur in this individual based on our knowledge of DNMT3L function and the data presented here (access to the carrier individual for follow-up tests was not possible within the context of this study). It will be desirable in the future to screen for mutations in the DNMT3L gene in other human cohorts predisposed to particular conditions in order to fully investigate the function of this gene on human health.
MATERIALS AND METHODS
DNA from blood donors
Blood samples collected from 96 healthy women and 96 healthy men were obtained from blood donors at Institute of Experimental Hematology and Transfusion Medicine, Bonn, Germany. The individuals were matched for their age with averages for males and females of 24.8 + 3.4 and 24.3 + 3.5, respectively. The Ethics Committee of the medical faculty at University of Bonn has approved the use of this material for research purposes (Ethics Committee approval no. 106/05). The samples were previously used in the study by El-Maarri et al. (28) .
Screening for polymorphisms by denaturing high performance liquid chromatography
The targeted sequence for polymorphism screening on genomic DNA corresponded to the mRNA of the five DNMT genes (DNMT1: NM_001379.1; DNMT2 (TRDMT1): NM_004412.3; DNMT3A: AF067972.2; DNMT3B: AF331857.1; DNMT3L: AF194032.1). The amplicons were generated by standard PCR; primer sequences and annealing temperatures are listed in Supplementary Material, Table S5 . PCR products were heated at 958C for 10 min followed by incubation at 558C for 10 min to allow the formation of heteroduplexes. The presence of homoduplexes and heteroduplexes indicate that the two alleles differ by the presence of polymorphism(s) at one of the alleles. Analysis of the heteroduplex and homoduplex mixture was performed by denaturing high performance liquid chromatography (dHPLC) on the WAVE TM DNA Fragment Analysis System (Transgenomics, San Jose, USA). The presence of more than one peak in a given chromatogram indicates the existence of differences (polymorphisms) between the two alleles. Representatives, corresponding to all abnormal patterns, were sequenced from a newly generated PCR product and the polymorphisms were determined. Homozygous samples for allele 1 and allele 2 for each polymorphism were determined. To determine the genotype of the homozygous samples, equal volumes of PCR products were mixed with the same volume of a homozygous control sample of known genotype; heteroduplex formation was performed and the products were further analyzed by dHPLC. The presence of one peak in the chromatogram indicates that both products share the same genotype, whereas the presence of more than one peak indicates that the sample has an opposite genotype as the control sample.
PCR fragments with ambiguous peak pattern or which contain more than one polymorphism were directly sequenced. This included exons 3, 13, 17, 20 and 21 in DNMT1; exons 7 and 10 in DNMT3L; exons 3, 4 and 8 in DNMT2 (TRDMT1) and the polymorphism at nucleotide 1298 in MTHFR corresponding to rs1801131. Furthermore, polymorphisms in DNMT3B exons 23-1, 23-3 and 23-4 were determined by single nucleotide primer extension and dHPLC (55) .
Statistical analysis
Prior to statistical analysis, three SNPs (number 10-DNMT1, 4-DNMT3B and 11-DNMT3L in Supplementary Material, Table S1 ) had to be removed because of strong deviations from Hardy -Weinberg equilibrium. For association analysis, we performed haplotype trend regression on a quantitative phenotype as suggested (56) . We used the respective implementation in FAMHAP (57) . The method was applied to each single SNP, as well. Genotypes were analyzed, coding heterozygotes as homozygote for a dummy allele 3. As this coding does not lead to correct asymptotic P-values, the respective P-values were computed with Monte-Carlo simulations. We also computed a corrected P-value for the single-marker analysis of each gene and measurement. For this purpose, linkage disequilibrium between SNPs from one gene was accounted for via Monte-Carlo simulations (57) .
Haplotypes extending over the entire gene regions were analyzed, as no block substructures could be identified based on the haplotype frequency estimates obtained with FAMHAP (58) . SNPs with a minimum allele frequency , 1% were excluded for haplotype analysis. We performed allele-based single-marker analysis and genotype-based single-marker analysis, both corrected for the number of SNPs tested within each gene, and haplotype analysis. These three tests, which already involve correction for the number of SNPs analyzed within each gene region, were done for five genes and 17 measurements. The corresponding Bonferroni P-value at a ¼ 0.05 is 0.00019.
Differential methylation hybridization
The DMH protocol was performed as described previously (59,60) with slight modifications. To generate targets, 2 mg of genomic DNA from 14 test samples and an appropriate pool of control samples were digested with MseI (New England Biolabs) and purified. After ligation of linker H12/ H24 (H24: 5 0 -AGGCAACTGTGCTATCCGAGGGAT-3 0 and H12: 5 0 -TAATCCCTCGGA-3 0 ) using T4 DNA ligase (New England Biolabs), the fragments were subsequently digested with two methylation sensitive restriction enzymes [HpaII (5 0 -CCGG-3 0 ) and BstUI (5 0 -CGCG-3 0 )]. This was followed by 20 cycles of amplification with the H24 linker primer. Amplified products were indirectly labeled with the Alexa Fluor 647 (test samples) and the Alexa Fluor 555 dyes (pool of control samples) using the BioPrime Plus Array CGH Indirect Genomic Labeling Kit (Invitrogen). Equal amounts of the labeled amplicons of the test samples, pool of control samples and 10 mg human Cot-1 DNA (Invitrogen) were co-hybridized to a microarray slide spotted with about 15 000 CpG-rich DNA fragments (each double spotted). Data from single-copy sequences were normalized and loci with a Alexa Fluor 647/ Alexa Fluor 555 ratio greater or equal to 2.5 were scored as hypermethylated, whereas a ratio lesser or equal to 0.5 were scored as hypomethylated.
MeDIP and microarrays analysis
The MeDIP assay was done essentially as described (40) and according to Roche-NimbleGen (Madison, USA) recommendations. Briefly, 6 mg of DNA was sheared by sonication to yield DNA fragments of 200 -1000 bp. The methylated portion of DNA was immunoprecipitated using an antibody against 5-methylcytosine (Eurogentec). The precipitated DNA was further purified according to NimbleGen procedure; and amplified using a Whole Genome Amplification kit (Sigma). The resulting WGA products were hybridized to a NimbleGen CpG island plus promoter array that includes over 28 000 CpG islands based on the human genome release 18. Labeling, hybridization and scanning were performed by Roche-NimbleGen on one technical replicate. Peak detection was performed by the NimbleScan v2.3 software by NimbleGen. Peak finding was performed using a sliding-window onesided Kolmogorov -Smirnov test with a minimum P-value cutoff of 0 and calling peaks ensuring that peaks encompass a minimum of four consecutive probes.
Total methylation analysis
The measurements of total cytosine methylation were essentially done according to the method developed by Fraga et al. (31) using a cappillary electrophoresis from Beckman Coulter (PA800).
Purification and biochemical analysis of the DNMT3L R271Q protein
The DNMT3A2 protein was purified as previously described (21) . The DNMT3L R271Q mutation was created by PCR mutagenesis and the resulting cDNA inserted into a modified pMAL-c2Â vector (New England Biolabs) so that the protein was expressed as an N-terminal fusion with a six histidine tag. The presence of the appropriate mutation was verified by DNA sequencing. The DNMT3L R271Q protein was expressed in Rosetta TM 2(DE3) cells (Novagen) and purified by nickel affinity chromatography followed by fractionation through a heparin column (GE Healthcare). After concentration through an Amicon Ultra Centrifugal filter device (Millipore), the protein was dialyzed into storage buffer (25 mM Tris -HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.1 mM dithiothreitol, 0.1% Triton X-100, 20% glycerol) and snap frozen. Protein concentration was determined by the absorbance at 280 nm using the theoretical extinction coefficient (1 ¼ 68 610 M 21 cm
21
) and by Bradford assays (Bio-Rad). The DNMT3L R271Q protein preparation was over 96% pure as determined by band densitometry.
Protein activity was monitored by the incorporation of tritiated methyl groups from 3 H-SAM (15 Ci/mmol, Perkin-Elmer) into double-stranded poly(dIdC) substrates, as previously described (21) . In particular, purified proteins were pre-incubated together with 3 H-SAM for 1 h at 378C to reconstitute DNMT2A2:DNMT3L complexes and the reaction initiated by the addition of DNA. Assays were performed in Activity Buffer (25 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.5 mM MgCl 2 , 100 mg/ ml BSA and 1 mM dithiothreitol), unless specified.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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